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In this work, we studied the effect of CuF2 nanoparticle inclusion on the structural, 
transport and magnetic properties of MgB2/(CuF2)x superconductor for 0 ≤x ≤0.1.  The 
samples were annealed at 750oC and 850oC and then investigated by different techniques 
such as XRD, Ac- susceptibility measurement, resistivity measurement and VSM 
(magnetic measurement). XRD results showed a significant reduction of MgO commonly 
found at the grain boundaries in the MgB2 superconductor. Moreover, CuF2 inhibited the 
formation of boron oxides B2O and B2O3 leading to single phase of MgB2.  The 
resistivity measurements confirmed that the grain connectivity is improved by CuF2. 
These measurements indicate that the optimal CuF2 concentration is close to 2%, and the 
optimal annealing temperature is 750oC. The critical current density, Jc and pinning force, 
Fp were calculated from the hysteresis loop using Bean’s Model. The optimal sample 
(MgB2/(CuF2)0.02) has the highest critical current density (Jc) and the maximum pinning 
force (Fp) amongst all the annealed samples.  
The normalized volume pinning forces have been analyzed at different temperatures and 
CuF2 concentrations. Fietz-Webb scaling law procedure has been used to fit the 
normalized pining force and normalized field  H/H   
    where we used Kramer’s plots to 
obtain the irreversibility field H   




temperature ranges where pinning force curves follow universal behavior: low 
temperature(4-15K), intermediate temperature(20-25K) and high temperature(30-32K). 
The results indicate different dominant pinning mechanisms in each region; single vortex 
pinning, grain boundary pinning and normal point pinning for low, intermediate and high 
ranges of temperature mentioned, respectively. 
The grain boundary pinning is found to be the dominant pinning mechanism in all the 
doped and undoped samples. The peak field enhances with the increase of doping level 















  عصام جنید عبده النھاري:االسم الكامل
  الفائق التوصیل معلى بوراید الماغنیسیوالنانومتریة النحاس ید فلور حبیبات تأثیر تضمین  :عنوان الرسالة
  فــــــــــــیزیـــــــاء التخصص:
  2018مارس  :تاریخ الدرجة العلمیة
والمغناطیسیة  یةلاقتنعلى الخصائص الھیكلیة واال یةمترالنانو 2CuF تضمین حبیباتر اثآ الرسالةه ھذ صي فيقنست
قمنا  .مئویة درجة 850و 750العینات عند  تسخین عند ≥ x  0≥ 0.1 لـ x) 2/ (CuF 2MgB للموصل الفائق
جھاز مطیاف األشعة السینیة للحیود وجھاز قیاس القابلیة المغناطیسیة المترددة ومقیاس  باستخدام تقنیات مختلفة مثل
جھاز مطیاف أظھرت نتائج  جھاز اھتزاز العینة المغناطیسي ألجل دراسات الخواص المختلفة للعینات.و المقاومة
وعالوة على MgB .2 الفائق الموصلعادة بین حبیبات  الموجود MgOفي  نخفاضا كبیراَ إ األشعة السینیة للحیود
وأكدت قیاسات من الشوائب  2MgB وینقي 3O2B و O 2Bثبط تشكیل أكاسید البورونی 2CuFوجد أن  ذلك،
ھو  2CuF % من2سات أن تركیزدراھذه ال أشارت .2MgBالتصال بین حبیبات حسن ای2CuFأن المقاومة 
  .مئویةدرجة  750المثلى سخین درجة حرارة التالتركیز األمثل وأن 
بینز وقد نموذج  التخلف المغناطیسي مع باستخدام منحنى pFوقوى التثبیت ، cJ حساب كثافة التیار الحرجب كما قمنا
العینات كل بین  تثبیت ىحرجة وأقصى قو تیار أعلى كثافة لدیھا CuF 2MgB)/2(0.02ى العینة المثلوجد أن 
 .معدةال
باستخدام بارمتران معایرة ھما قوة التثبیت العظمى  يوالمجال المغناطیس تثبیتال ىقوومعایرة وقد تم تحلیل 
p,maxF سيوالمجال غیر العك H   
  وقد تم  2CuFمتنوعة من  وتركیزاتمختلفة درجات حرارة  عند على التوالي  
وجود ثالثة التي اظھرت  والمجال المغناطیسي قوى التثبیت كل من لمواءمةویب  -استخدام إجراءات قانون فیتز
  15)-(4منخفضةحرارة: درجة حرارة ال اتدرجمن  ثالثة نطاقات مختلفة انواع مختلفة من مراكز قوى التثبیت في




كما أظھرت نتائج الموائمة أن التعزیز السائد لمراكز قوى التثبیت تم من خالل عیوب حدود حبیبات السطوح في كل 
العینات المشوبة والنقیة وأن ذروة المجال تعززت مع زیادة مستوى اإلشابة في العینات.
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INTRODUCTION 
In 1911, the Dutch physicist H. Kamerlingh Onnes discovered the superconductivity in a 
mercury sample while investigating the resistance of metals at a low temperature.  He 
observed that the resistance of the mercury sample dropped abruptly to zero near 4K.  
He called this unexpected phenomenon ‘superconductivity’; the temperature at which this  
the resistance vanishes is called the critical temperature Tc. The materials are known as 
superconductors.  
Later on, superconductivity was discovered in many elements such as Ti, Al, Sn, etc. 
Surprisingly, the noble conductors; Cu, Ag, Pt and Au, did not show any signs of 
superconductivity down to very low temperatures.  
In 1933, W. Meissner and R. Ochsenfeld studied an effect of the magnetic field on Lead 
(Pb) element. They cooled down Lead below its critical temperature and then applied 
magnetic fields. They found that Pb completely expelled weak magnetic field from its 
interior whereas the strong magnetic fields destroyed superconductivity and Pb became 
normal conductor below Tc.    
The Meissner-Ochsenfeld effect cannot be interpreted by Maxwell’s equations.  After 
two years from the discovery this effect H. and F. London offered an electrodynamics 
equation of the superconductor which explained the Meissner-Ochsenfeld effect. The 
London brothers concluded that the applied magnetic field H penetrates the 




surface and screens the applied magnetic field from the interior of the superconductor. 
The penetration distance is denoted by the penetration depth    .The applied magnetic 
field decays exponentially during this length and thus no magnetic field is inside the 
superconductor.  The London equation yield that the penetration depth    depends on the 







where m,    and   are the electron mass, charge, and the speed of light respectively. 
According to this equation the magnetic field can fully penetrate the superconductor 
when its superconducting state vanishes at the transition temperature Tc where the all 
Cooper pairs separate into single electrons (   = 0)..                                                                                                                                                                            
In addition to the penetration depth    parameter there is another parameter has been 
introduced by Pippard in 1950; the coherence length (ξ). This length has been shown by 
the BCS theory  to represent  the effective distance between the Cooper pairs[1].  
In 1950 Ginsburg-Landau (GL) introduced a treatment based on the shortcomes of the 
London theory taking in account the quantum effects. The GL theory described the the 







The theory considered that the superconducting transition (without an applied magnetic 
field) is a second order transition in which both the free energy and its first derivative as 
functions of temperature are continuous.  
The new theory introduced the dimensionless parameter κ    =
 
 
 which is known as G-








for types I & II respectively. However this theory has some weakness which was treated 
later by BCS theory of superconductivity[2]. 




 and showed that this type of superconductor possesses properties that differ from 
type I. In this type, the superconducting state reduces gradually with increasing the 
magnetic field starting from a point represents a lower critical field Hc1 until vanishes 
completely at an upper critical field Hc2. Whereas in type-I; superconductivity vanishes 





Fig. 1.1 Magnetization (M) vs. magnetic field (H) applied in superconductors, type I and type II 
 
In type II superconductors; when the applied magnetic field value is between Hc1 and Hc2; 
is in a mixed state of normal and superconducting states (vortex state) [3]. 
 
1.1 BCS theory  
In 1957 John Bardeen, Leon Cooper, and John Robert Schrieffer published their BCS 
theory of superconductivity that successfully explained why the material resistance 
vanishes when the material is cooled below the critical temperatures.  
The BCS theory is based on the condensation of the electrons in one quantum ground 
state. The electrons are coherent in pairs such that the momentum and spin of each pair is 
equal to zero and all pairs have the same energy level.  Electron pairs carry the current in 
the superconducting state. The BCS proposed that the lattice vibrations (phonons) are 
directly responsible for the formation of the electron pairs. When the electron passes 
through the lattice, the positive ions interact attractively toward the electron and 
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The collective ions attract another electron close to the first electron. The distance 
between two electrons reduces effectively and forms electrons coupling (pairs) before 
returning ions to their normal positions in the lattice. Once the electron pair pass the 
region, the positive ions go back to their original positions due to the repulsive force 
among these ions. The two electrons are known as "Cooper pair ". These pairs are not 
permanently pined  together but, they break and reform continuously and constantly. 
A Cooper pair travels through the crystal lattice. Oscillating lattice makes the Cooper 
electron pair moves through the lattice without collisions with atoms or the other 
electrons. 
The material remains in the superconducting state as long as it is maintained below the 
critical temperature Tc. The BCS theory also provided a connection between two 
important superconducting properties; the transition temperature Tc and the energy ga p 
Eg; 
Eg ≈ 3.528k T  (1) 








1.2 Mixed state in type II superconductor 
The mixed state appears when the external magnetic field H which exceeds Hc1 starts 
partly penetrating the superconductor sample. The threaded regions become normal state 
regions (normal cores) surrounding by superconducting state. Thus, because of the field 
threading, currents arise in the superconducting regions and circulate around the normal 
cores forming vortices known as (Abrikosov vortices) as in Fig. 1.3[4]. 
Fig. 1.4 shows the structure of the vortices in the superconductor under the applied 
magnetic field H.  The superconducting electrons density is zero at the vortex center 
whereas the density increases gradually moving away from the center to the edge of the 
vortex. The radius of the vortex core equals the coherence length ξ.  As it can be seen that  
the applied magnetic field can go into the interior of the superconductor  for a certain 
distance equals the penetration depth    then the magnetic field decays by the screening 
currents of the vortex that generate an opposite magnetic field[5].          





Fig. 1.4 The vortex structure 
 
Forming the vortices are necessary for minimizing the free energy of the type II 
superconductor and thus the superconductor allows the magnetic field to thread its 
interior producing a large number of vortices. The vortices are distributed in the 
superconductor and parallel  to the applied magnetic field in a triangular lattice form. 
This arrangement is as result of the lowest free energy of the superconductor. The surface 
boundary area of vortices is maximum if their volume is very small such that the ratio of 
the surface area to volume of the superconductor is high. The magnetic field flux density 
is maximum at the normal cores center while it decreases to a small value away from the 




Fig. 1.5 Confirmation for Abrikosov vortices [9] 
penetration depth   . The currents from the all vortices form the total current that 
circulates in the perimeter of the superconductor sample.  
Abrikosov prediction was verified using neutron diffraction and real space images of the 
mixed state was obtained by Essmann and Trauble using a decoration technique as shown 
in Fig. 1.5 
                                                                                                                                                                                              
                                                               
 





1.3 Irreversible Magnetization 
An ideal (defects free) Type-II superconductor exhibits a perfect reversible magnetization 
the increasing and the decreasing magnetization curves are the same.  However, real 
superconductors (with defects and pinning centers) have an irreversible magnetization 
where the magnetization curves versus the increasing and decreasing field have certain 
width. The presence of these centers hinders the reversible motion of the vortices  as 
shown Fig. 1.6. Magnetization curve 1 for increasing the applied magnetic field starts 
from zero until almost Hc2 whereas the magnetization curve 2 of decreasing the applied 
magnetic field is shifted above curve 1. At  H=0; the magnetization has non zero value 











The remnant magnetization is produced by the trapped flux and is due to pinning the 
normal cores in the mixed state by imperfections such as dislocations, defects and 
chemical impurities. The imperfection dimensions are larger than the coherence length of 
normal cores. The hysteresis loop is used to obtain  various  irreversible properties of the 
superconductor such as the irreversible magnetic field, Hirr, the critical current density, Jc  
and pinning forces, Fp [6]. 
The maximum current that can pass through a superconductor before breaking down the 
superconducting state is known as the critical current. The critical current density Jc 
behaves in a similar  manner  as the critical magnetic field strength Hc , both depend on 
the temperature and vanish at the transition temperature Tc[6]. 
 
1.4 MgB2 Superconductor 
Research in type II superconductor continues to include many compounds and fabricates 
new materials which have the superconducting properties such as Cu-based, Fe-based and 
MgB2 superconductors[7- 9]. MgB2 is a known material since 1950’s, but the discovery 
of its superconducting behavior was found late in 2001 [10] at a remarkably high critical 
temperature close to 40K. The discovery revived an interest in possible applications of 
these materials at elevated temperatures using closed cycle or pulsed tube refrigerators 
that do not need liquid Helium to operate [11-13].  
Since the discovery of superconductivity at 39K in MgB2 [14], major efforts have been 




binary inter-metallic compound. However, the substitution chemistry in MgB2 has proven 
not to be so simple.  Limited substitution on either the Mg or B sites has been achieved 
for only a few elements-for examples, Al on the Mg site or C on the B site. Chemical 
substitution has been found to affect various superconducting and normal state properties 
of MgB2 material. 
MgB2 has a hexagonal structure that is like AlB2 prototype crystal structure with a 
p6/mmm space group. The crystal structure is shown in Fig. 1.7 
The boron atoms localize as a hexagonal lattice structure and the Mg atoms occupy the 
centers for this hexagonal structure.  The lattice parameters of MgB2 structure are a = 
0.3084 nm and c = 0.3524 nm [9], [15-16].    
 
 





MgB2 has many attracting properties that made it one of the best candidates for possible 
applications; its low cost, abundance and the simple hexagonal structure, high Tc, large 
coherence lengths ξ, high critical current densities and fields and simplicity of 
preparations. MgB2 has been synthesized in different forms for example; bulk, single 
crystals, thin films, tapes and wires [17] 
In addition to that, superconducting properties such as the pinning force (Fp), the critical 
current density (Jc), the critical field (Hc), and irreversibility field (Hirr) can be enhanced 
using various methods and techniques. 
MgB2 has high transport critical current densities at low temperatures that can be 
controlled by many factors such as fabrication methods, heat treatment process. In a  
ddition to this the grain boundaries of MgB2 create weak links and therefore the 
connectivity and Jc might be affected by these boundaries. In order to improve Jc 
properties, many experimental procedures, like chemical doping, irradiation, magnetic 
field annealing, and ball milling methods have been utilized[18].  
The critical field is an important property defined in a type II superconductor. It is 
considered as phase boundary between the superconducting and normal states. 
The upper critical field Hc2, lower critical field Hc1, and irreversibility field Hirr are 
important parameters to characterize the superconductivity. For many potential 
applications, it is desired to enhance all critical fields in these materials, Hc1,  Hc2 and Hirr 
[19]. Typical values of these fields are:  Hc1 ~ 50 mT, Hc2 ~ 15-20T and Hirr ~ 6-12T [20–
24]. Low values of the irreversibility field mean that Jc will degrade rapidly at high fields 




1.5 Doping of MgB2 Superconductor 
Doping process is a method for enhancing weak grain boundary effects of MgB2 which in 
turn will reflect positively on vortex pinning centers, the critical current density Jc and the 
upper critical field Hc2. Many elements, such as Ti, Al, Mn, Cu, Sc, Ag, C, Zr, Mn ,Y 
,etc. have been used in an effort to improve several properties of MgB2 by  their 
substitution into  Mg or B atoms sites. In addition to these elements, several compounds 
have also been used as dopants or inclusions as nano-sized materials in MgB2, such as 
SiC, Y2O3, TiO2, SiO2, ZrB2, etc[2],[25]. Nanomaterial inclusion has occupied a distinct 











                                                                        
LITERATURE REVIEW 
2.1 MgB2 Synthesis 
Due to unique MgB2 properties and its important practical applications most researches 
have interested with preparing MgB2 in a high purity using optimal conditions. However, 
its synthesis encounters two major issues; the first is attributed to the low melting point of 
magnesium Mg (~ 651˚C) and the high melting point of boron B (~2076 ˚C). Therefore, 
during synthesis of MgB2 some Mg will evaporate and be lost from MgB2 matrix, leading 
to the presence of secondary phases. A reasonable excess of Mg added to the starting 
materials is enough for compensatation of the lost Mg and reduction of the secondary 
phases.[26-27].     
The second issue is ascribed to fact that Mg interacts highly with oxygen forming MgO.  
Magnesium oxide often surround the grain boundaries, in small amount it helps 
producing grain boundary pinning centers but may lead an increase in the normal state 
resistance and may completely isolate the superconducting grains from each other.  
Magnesium oxide (MgO) may also reduce the MgB2 superconducting volume fraction.   
For removal or reduction of MgO from MgB2 samples, all Mg amount has to be reacted 
with B. Several practical methods have been adopted in this regard such as the wrapping 
the sample with a metal foil such as Ta and sealing in a metallic tube such as Fe, Ta or 




Another problem in MgB2, occurred when exposed to air for 8-10 hours, it interacts with 
moisture forming complete insulating layers [28] and gradually degrade the 
superconducting state of MgB2.  
Sintering conditions of MgB2 have been extensively studied, J. Ishiwata et al, studied the 
effect of sintering time and the optimal synthesis condition in MgB2. They found that the 
sintering time enhanced the critical current density (Jc) of the bulk MgB2 superconductor. 
Samples were prepared from Mg and B powders and each mixture was pressed, warped 
with Ta sheet, sintered at 775oC for 3hours into an argon gas environment and cooled 
down to room temperature. The samples were re-sintered at 660oC for 24, 45, 72 and100 
hours.  X-ray diffraction results exhibited a single phase and homogenous samples. The 
magnetization measurements showed a sharp drop at temperature ~ 37 K.  The re-
sintering time at 660oC improved the critical current density (Jc) of samples. Porosities or 
cracks were effectively absent, these cracks  may reduce the current density of the 
superconducting regions [29]. 
A. Berenov and his team synthesized pure and doped MgB2 in two sets: in the first 
powders were mixed according to their stoichiometry and pressed as pellets. Each pellet 
was covered with a mixture of the powder from which was prepared and warped in Ta 
foil.   The pellet with extra Mg rods were put together into a tubular oven in a 1% of 
H2/N2 environment. Finally, the samples were annealed at 900°C for 15 min 
The second set was formed from the Mg, B, and Al powders. The powders were pressed 
as capsules. Some Mg turnings were added to the capsules, and all were wrapped with Ta 
sheet then placed into a tube furnace for annealing at 900°C for one hour under a high 




temperature. XRD results showed Mg and MgO impurities within MgB2. Very little 
amount MgO was observed in all the samples[30]. 
M Mustapić and co-workers studied “Enhancing superconducting properties of MgB2 
pellets by an addition of amorphous magnetic Ni-Co-B nanoparticles”. Synthesized MgB2 
samples showed sizable improvement in the critical current density (Jc) especially at high 
magnetic fields. The samples were prepared with different Ni-Co-B nanoparticles 
concentrations using the solid-state reaction method.  The samples were put into iron 
tubes, then annealed at 650, 770, 850 and 950 °C for 30 min in Ar gas environment and 
cooled down to room temperature.  Moreover, the optimal temperature for obtaining the 
maximum Jc was 850 °C.   XRD patterns showed a minor amount of MgO in all prepared 
samples. The results obtained from samples showed a smaller grain size (~10 nm) for 
samples annealed at 650 °C comparing with samples annealed at 850°C[31]. 
Wang et al. reported the influence of citric acid on the critical current density Jc and the 
upper critical field Hc2 in MgB2 superconductor. They mixed Mg and B powders with 
10% wt of the citric acid. The mixture was ground, pressed and annealed at different 
temperatures (650, 750, 850 and 950oC) for half of an hour with heating rate of 5oC/ min 
in a high pure Argon gas. The XRD results showed that the dominant phase was MgB2 
with very small amount of MgO. They also observed a reduction in grain size with 
increasing annealing temperature. The citric acid addition had good effects for decreasing 
the reduction in grain size leads to an improvement in Jc and the irreversible magnetic 
field (Hirr). The improvement in Hirr and Hc2 may be caused by the C-atoms substituting B 
atoms into the MgB2 lattice. As it was observed that Tc decreased with the addition of the 




Fabrication of MgB2 at low temperaures have been tried at 450, 500, 550ºC for 5 days, 2 
days and 16 hours then quenched to room temperature.  XRD analysis showed a single 
phase of MgB2 obtained for samples at annealed at 550ºC. MgO and Mg were found in 
samples annealed at 500ºC. No superconducting MgB2 phases were obtained in the 
samples annealed at 450ºC. The susceptibility measurements exhibited a high 
magnetization with very sharp drop at Tc for annealed samples at 550ºC compared to 
annealed samples at 500ºC whereas annealed samples at 450ºC did not show any 
superconducting  behavoir[33]. 
Gupta and Sahni reported the synthesy of two MgB2 samples by the solid state reaction 
with different starting materials. The first sample was prepared from Mg and B powders 
whereas the other was syntheized from Mg flakes and B powder. Both samples were 
pelletized then warpped by a tantalum foil contains Mg flakes. The pellets were annealed 
in an environment of a pure Ar gas for 2 hours at 650ºC and 4 hours at750ºC followed by 
950ºC for 2 hours. Finally, the samples were quenched using liquid N2. Characterization 
of the samples was achieved by XRD and XPS techniques. XRD results showed that the 
first sample had a XRD pattern of MgB2 with unreacted B  where a small amount of Mg 
was lost due to the high evaporation of Mg at 650ºC. The second sample was better than 
the first sample where the XRD pattern just indicated  MgB2 phase. There was small 
amount of Mg losses.  They noted that Mg powder melts and evaporates faster than Mg 
flakes due to increasing the surface to the volume ratio in the powdered samples leading 
to more Mg losses. Thus, Mg flakes should find an enough time to diffuse into B forming 




Resistivity measurements showed the onset transition temperature at 36 K for the first 
sample whereas the second sample showed two onset transition temperatures at 
temperatures ~39.5 K and~36K. The transition width of the second sample was wider due 
to the presence of more than one phase.  The critical current density Jc was higher in the 
second sample especially.  XPS results showed an influence of the moisture on MgB2 
superconducting properties and morphology, structure and chemical changes. These 
samples were put into deionized water for different times (up to 72 h) and then dried 
at~28°C and relative humidity >70%.  The resistance of exposed samples rose up and Tc 
remained ~ 39.7 K, but the transition was wider and with a long tail. XPS results revealed 
that B 1s spectrum has two peaks belong to MgB2 and B2O3. The MgB2 amount 
decreased after exposing to the moisture for B2O3. Similarly, Mg 2p the amount of Mg 
reduced for carbonate or hydroxide under the moisture effect. Both O2 and C contributed 
to formation of MgO, B2O3, MgCO3 and Mg (OH)2 according to the following equations 
[28]: 
MgB2 + 2H2O → Mg(OH)2 + 2B + H2 
Mg(OH)2 + CO2 → MgCO3 + H2O 
4B + 3O2 → 2B2O3 
Singh et al studied the of MgO impurity on the superconducting properties of MgB2”. 
Two bulk MgB2 samples were synthesized by the solid-state route. One was prepared in 
the ambient atmosphere whereas the second was produced in a glove box saturated by Ar 
gas. Both the samples were formed as pellets, sealed under vacuum, annealed at 750oC 




XRD characterization proved that MgO reduced significantly (7.3% of MgO) in the 
second sample if compared to the first sample (39.6% of MgO).  As that Dc 
magnetization measurement also exhibited a wide transition for the first sample while the 
second appeared very sharp transition. The wide transition indicated an existence of 
several phases while the sharp transition indicated a single phase. MgO layers reduce the 
volume fraction of the superconducting regions and the grains connectivity due to MgO 
layers isolated grains then the resistance of MgB2 increased[34]. 
Zongqing Ma and Yongchang Liu reported the mechanism of sintering which affects the 
properties of MgB2 as superconductor. Using Differential Thermal Analysis (DTA) they 
found that the formation of MgB2 phase starts at above 550oC  and continues until 750ºC  
with heating rates 20oC min-1 or 5oC min-1.  Fig. 2.1 shows the exothermic peak located at 
temperature below 650ºC where the melting point of Mg is. 
 




The formation of MgB2 starts at 550ºC by the solid-solid interaction between Mg and B 
as shown Fig. 2.2. At 650ºC, the solid-liquid interaction starts where Mg melts and a little 
amount of MgB2 forms by the diffusion of Mg into B sites producing a single phase of 
MgB2. The complete diffusion is followed by the liquid precipitation and grain growth 
shown in Fig. 2.3. Small grains of MgB2 are more soluble into the liquid phase than large 
grains and then precipitate on the large grains of MgB2 giving rise to increasing the 
growth of the grains. 
 
 





Fig. 2.3 The liquid precipitation and grain growth 
 
 






XRD results confirmed the previous three stages as it is shown in Fig. 2.4. At temperature 
is less than 650°C Mg is available with MgB2 phase due to an incomplete interaction Mg 
with B. Also, the intensity of MgB2 peaks are very low comparing with the intensity of 
MgB2 peaks at higher temperatures above 650°C. The essential problem with high 
temperature is the MgO formation. MgO has a negative influence om MgB2 phase where 
it forms insulator layers between and on MgB2 grains leading destroy of superconducting 
and transport MgB2 properties. The standing challenge is how to remove or at least 
reduce the MgO phase during synthesis of MgB2 phase. New studies tried to synthesize 
MgB2 at low temperature for reducing or removing MgO by increasing the sintering time 
for long time such as 16 hours and 240 hours for 550ºC and 600ºC respectively. This 
method produces a pure and dense MgB2 and improves the connectivity among MgB2 
grains and reduces MgO phase. 
A very new method includes two stages of sintering method has been used by Maeda et al 
[35].The first stage is sintering at high-temperature (1100 °C) for a short time followed 
by the next stage which requires reducing sintering temperature to low temperature. This 
route produces unique small grains with a high connectivity of the MgB2 phase. The 
critical current density Jc is higher than the critical current density Jc produced by the 
single stage method. But this two stages way cannot be applied for fabrication of MgB2 
wires. 
Hishinuma et al [36] reported that a very small additive of Cu to MgB2 is enough to 
reduce the MgO ratio within MgB2.  They thought that Mg-Cu liquid forms initially 




B. B. Sinha and his team in their work reported the efficient role of the excess 
magnesium in formation of MgB2 superconductor. This role is important for several 
reasons. First; reducing loss of Mg though the fabrication process and keeping MgB2 
stoichiometry.  Second; improving the connectivity and decreasing the insulation layers 
between grains and enhances the critical current density. They prepared pelletized MgB2 
samples with stoichiometry as follows M1 (1:2), M2 (1:1) and M3 (1.5:1) via the solid-
state reaction. Then the samples were covered with extra Mg, sealed into a stainless-steel 
tube of ~30 cm with a pure environment of Ar gas and inserted into a furnace at 900ºC 
for 3 hours. XRD analysis exhibited the main phase for MgB2 followed by Mg phase and 
little traces of MgO phases in all samples. It was also noticed that extra Mg increases the 
intensity of MgB2 and MgO peaks. 
The electrical transport measurements exhibited a very sharp transition in M1 sample 
whereas the transition became wider in M2 and M3 due to Mg and MgO phases. 
Transition temperature for M1 did not decrease because Mg does not infiltrate into MgB2, 
but it localizes at grain boundaries. For M2 and M3, Mg penetrated MgB2 grains giving 
rise to decrease of the transition temperature. The solubility of Mg into MgB2 stopped at 
certain value and the crystal structure of M1 was not affect by the addition of extra Mg. 
The dc susceptibility measurements showed a sharp transition for M1 and M3. Transition 
temperature decreased for M3 to 35.5 K. This decrease is attributed to excess Mg. It was 
noticed that the irreversibility field Hirr increases in M3 sample indicating Mg excess 
played a significant role in enhancing Hirr and the critical current density[27]. 
D.G. Hinks et al. investigated the non-stoichiometry which may occur in MgxB2 where x 




850ºC for different annealing time (0-8 hours). They found by XRD technique that MgB4 
phase can be found in samples which have x<1 while Mg was found in samples which 
have x>1. When x=1 the MgB2 phase is dominant. The increase of annealing time helped 
in minimizing MgB4 phase, and Mg phase appeared at more than 2 hours. It appears that  
2 hours annealing is an optimal for synthesizing MgB2 at 850ºC. The magnetic ac 
susceptibility measurements showed that the transition temperature is larger for the 
sample annealed  for two hours [37]. 
 
2.2 Doping Process 
There are limited number of elements that can be incorporated in the structure of MgB2. 
Cava et al. report that the modification in the structural MgB2 properties by the chemical 
substitution is difficult. For successful MgB2 modification, the chemical substitution 
should be compatible with the chemistry of MgB2. All substitutions were not successful 
except three; Al, C and Mn[38].   
 Zhao et al.[39] synthesized Ti-doped MgB2 samples by solid-state reaction at an ambient 
pressure with different concentrations of  doping. The Jc of the samples had remarkably 
changes with different concentrations of Ti. In addition, some fine particles (with sizes 
from 10 to 100 nm) are distributed by Ti doping into the MgB2 matrix may play an 
important role in a flux pinning enhancement.  
Mudgel and his team, [40] synthesized  MgB2 doped with  nano-carbon (MgB2−xCx). A 
set of superconductivity parameters such as transition temperature Tc, upper critical field 




studied with increasing doping up to x = 0.20. Carbon has been found to substitute boron 
atoms in the structure which lead to improved Hirr and Jc. However, Tc showed a 
continuous decrease with increasing carbon contents. Increase in the irreversibility field 
values Hirr to about 11.0 T and 13.4 T at x = 0.08 for 5 and 10K has been achieved 
respectively. The critical current density (Jc) of the nano-carbon-doped sample (x = 0.08) 
rose up by a factor of 24 at 10 K and 6 T field. 
C. Cheng and Y. Zhao[41] prepared Mg1-x(Ho2O3)xB2 by solid state reaction and found 
that very little effects on flux pinning behavior, the crystal structure, Tc, and Hc2. 
However; Jc and Hirr have been significantly enhanced.  
 H.L. Xu et al.[42] synthesized nano-Al powder doped Mg 1-x AlxB2 samples(x = 0.00, 
0.01, 0.02, 0.05, 0.08) by using solid-state reaction in a flow of high purity argon. Nearly 
Al atoms substituted Mg atoms in the lattice structure of MgB2. Thus, the lattice 
parameters and critical temperature of MgB2 are lowered with increasing Al 
concentration. Values of Jc for the doped samples were slightly larger than those of the 
un-doped samples. Optimal Jc properties of MgB2 bulk have been obtained at the 
concentration of x = 0.02 and the temperature less than 20 K and a magnetic field above 
 6 T. 
C.H. Cheng et al.[43] have doped MgB2 bulks with iron.  Doping has been achieved 
using Fe-nano- and micro-size powder. The easy doping into MgB2 crystalline structure 
was by nano-iron with low solid solubility limit while the doping into the MgB2 by 




I. A. Ansari et al. [44] studied the doping effect of ZnO-nanoparticles on the 
superconducting properties of MgB2. The 2% nano-ZnO doped MgB2 was excellent for 
enhancement of Jc and Hirr at all temperatures and magnetic fields amongst the doped and 
undoped sample. Also, the lattice parameter-c increased to a higher value at 2% ZnO 
doped MgB2 sample. This indicated clearly a strain on the lattice parameter in doped 
samples. Very slight variation in Tc is observed from the temperature dependence of 
resistivity plot of nano-ZnO doped MgB2. It was also observed through M (H) curves that 
vortices have suffered instabilities at 2% and 4% doped samples. 
  
2.3 Objectives 
In our work we propose to synthesize MgB2 with CuF2 nanoparticles inclusion. We aim 
to reduce MgO and improve the superconducting properties of MgB2 . We expect that 
MgO content into MgB2 will reduce because  F2, due to its high electronegativity, will 
reject O2  from MgO and then Cu will deposite on the grains and improve the grains 
connectivity. In addition to that, the nano-size of CuF2 ensures a uniform distribution of 
CuF2 particles on MgB2 grains. 
We intended to measure the ac-susceptibility using an improved design of ac-
susceptibilities set up with the following new features: 
1. Improved sensitivity in measuring both real and imaginary part of the susceptibility. 
2. Improved phase sensitive detection. 





The main objectives of this project are: 
1. To investigate various methods to achieve optimal conditions for inclusion of CuF2 
nano particles in MgB2 superconductors. 
2. To investigate the corresponding effects on the critical current and pinning forces. 
3. To apply various scaling techniques on pinning forces and critical currents in MgB2. 

















                                                                        
EXPERIMENTAL WORK  
3.1 Experimental Technique 
Since discovery of Magnesium boride (MgB2) in 2001 in polycrystalline form, , single 
crystals, thin films, tapes and wires have been prepared using various techniques[17]. 
Bulk MgB2 was prepared by different methods such as Combustion method[45], SHS 
method [46],  hot deformation, high pressure sintering, and  mechanical alloying of Mg 
and B powders with subsequent hot compaction[47], solid state method[48],[30]. 
In our work we select the solid-state method in preparing MgB2 (pure and doped) because 
it is fairly easy to handle, cheap and fast to obtain good quality samples [58].  
 
3.2 Samples Preparation  
This process is a very important step especially for preparation of MgB2. Generally, the 
synthesis passes through several steps: 
 Selection of Precursor materials. MgB2 can be produced from its initial elements 
Mg and B or used Mg and B compounds. In our case, we use two methods: 
readymade MgB2 and preparation from the elements Mg and B. In both cases we 
used the nanomaterial CuF2 compound as a modifier with various concentrations. 
Desired amounts of the precursor materials are weighted by an advanced digital 













Mg 830 ºC 1091 ºC 24.3050 g /mole 
B 2075 ºC 4000 ºC 10.811   g /mole 
MgB2 830 ºC --- 45.93    g / mole 
CuF2 836 ºC 1676 ºC 
Anhydrate 101.543 g/mole 
or Dihydrate 137.573 g/mole 
 
 Grinding process: The mixture must be homogenous to ensure an efficient 
reaction between components. Precursor with smaller particle sizes are more 
active due to the high surface to volume ratio. 
 Pressing process: The well grinded mixture is pelletized by a hydraulic pressing 
machine. The pellet is a cylindrical shape with diameter and thickness 10 mm and 
4 mm respectively. The pressure exerted on the sample was about 4 tons/in2. 
 Sealing process: For achieving the reaction between the contents, the sample must 
be isolated from the air (O2, moisture, C, etc.). For this reason, the samples are 
sealed in a quartz tube under partial Ar-pressure.  
 Annealing process: For our samples, we annealed the samples at different 
annealing temperatures of 750ºC and 850ºC for 2 hours and left the samples to 
cool down to room temperature. The sample are divided into small pieces for 






Table 3.2 List of all prepared samples of MgB2 (pure, doped, un annealed and annealed) by the 
 solid-state method at 750°C and 850°C 
Label The sample description Annealing temperature/Time 
MB00 Pure MgB2 No  
MB26 Pure MgB2 750°C/2 hours 
MB27 MgB2 +10% Mg 750°C/2 hours 
MB30 MgB2 + 1% CuF2 750°C/2 hours 
MB28 MgB2 + 2% CuF2 750°C/2 hours 
MB29           MgB2 + 5% CuF2 750°C/2 hours 
MB31 MgB2+ 1% CuF2 +10% Mg 750°C/2 hours 
MB8R MgB2+ 2% CuF2 +10% Mg 750°C/2 hours 
MB21 MgB2+ 5% CuF2 +10% Mg 750°C/2 hours 
MB01 Pure MgB2 850°C/2 hours 
MB23 MgB2 +10% Mg 850°C/2 hours 
MB32 MgB2 + 1% CuF2 850°C/2 hours 
MB24 MgB2 + 2% CuF2 850°C/2 hours 
MB25 MgB2 + 5% CuF2 850°C/2 hours 
MB33 MgB2+ 1% CuF2 +10% Mg 850°C/2 hours 
MB10 MgB2+ 2% CuF2 +10% Mg 850°C/2 hours 






3.3 Characterization techniques                                                                             
3.3.1  X-Ray Diffraction 
This technique is used in the investigation of bulk properties of the materials for instance, 
the identification of the crystal structure, the lattice parameters and measurement of grain 
size.  In this dissertation, we investigated the crystalline structure of all MgB2 with 
various concentrations of CuF2 nanoparticle inclusions and under several annealing 
temperatures. Shimadzu 6000 X-ray diffractometer with a Cu Kα radiation wavelength 
equals λ = 0.154 nm, operated at 40 kV and 30 mA has been used in this investigation.  
 
3.3.2 Vibrating Sample Magnetometer (VSM) 
A vibrating sample magnetometer (9Tesla 4500PAR-VSM) in its operation is based on 
Faraday's Law of Induction. It is used for studying a sample magnetic property such as 
hysteresis loops. The sample vibrates between two oppositely winded sensing coils. Any 
changes in the magnetization of the sample will be detected as an electromagnet force 
(emf) in the sensing coils.  The sensitivity of the system is about 10-5 emu, a large 
stability of 10-3. The magnetic moment is calibrated using Ni-standard sample.  
 
3.3.3 AC Susceptibility Measurement 
AC susceptibility measurement is used for characterizing the magnetization dynamics of 
the superconductor. as the high sensitivity and the simple design made it possible to build 




There are several designs for the ac susceptometer, but the working principle is basically 
the same. The configuration of the design is based on the sample geometry and magnetic 
properties being measured  of  materials [49- 51]. 
The ac magnetic susceptibility consists of two parts; a real part of the susceptibility (χ΄) 
which is in phase with magnetic field applied on the sample and an imaginary part of the 
susceptibility (χ′′) which is out of phase with the applied magnetic field. 
χ= χ'+i χ'' 
The imaginary susceptibility is related to the energy losses.  Both parts  χ' and χ” can be 
expressed in term of the magnitude of the total susceptibility χ and  the phase difference ϕ 
between input signal to  and output signal from the coil[52]. 
χ' = χ cos ϕ   ↔  χ = χ'2+ χ"2 
χ" = χ sin ϕ    ↔  ϕ = arctan( χ" / χ' ). 
In the following section we present our design of the ac-susceptometer.  The 
susceptometer has been used extensively to investigate several magnetic and 
superconducting materials in our lab.  
 
3.3.3.1 AC Susceptometer Design 
Ac magnetic susceptibility or Ac susceptometer is very useful experiment technique to 
extract various magnetic properties of superconductors such as the critical current 
density. 
The Ac susceptometer consists of two identical secondary coils  with opposite winding 
and connected in series and surrounded by a primary coil. The secondary coils have the 




magnetic field which in turn induces an emf in both secondary coils. The induced emf  
cancel each other out when there is no sample available in any of the coils. When a 
sample is introduced  into one of secondary coils, the magnetization of the sample   
changes the inductance of hosting secondary coil. This will result in net emf that can be 
easily detected by a lock-in-Amplifier.  
The design of the ac susceptometer is shown in Fig. 3.1. The coils of the susceptometer is 
made from Vespel (polyimide-based plastics) material which is suitable for  low 
temperature measurements and does not have any magnetic effects[53].  Two grooves for 
the secondary coils and then the primary coil covers the secondary coils. There is an axial 
hole along the susceptometer center for insertion of the sample to one of the secondary 
coils. The sample volume should be convenient to the hole of  the secondary coil[49]. 
The detailed dimensions of the coil are shown in Fig. 3.1. The magnetic field can be 
calculated using the number of turns in the primary coil and from the following formula 
[49]      
  = μ   /  
 ,  , ,  and μ   being the magnetic field, the number of turns, the current, the length of 
susceptometer and the permeability (4  × 10      /  ) respectively.  
After machining the coil, we cleaned it by acetone to remove any contaminations and 
obstacles and checked for any crack under wide angle microscope. Next, we use a copper 
wire of 0.04 mm in radius and wind each secondary coil into its groove by a winding 
machine, starting from its first point to the final point along the groove length. This 
winding process was monitored via the optical microscope for ensuring the regular 




first layer of the secondary coil, we add GE-varnish to fix the turns to each other and 
prevent any vibrations that may be caused by the passing the ac-current in the coil. This 
step is very important to reduce noise and fluctuations in the output signal. The GE-
varnish should be left to dry before winding the next layer. The process continues until 
the layers fill the groove. The terminals of the secondary coil must be long, each is about 
half meter that might be needed for connections and balancing.  The secondary coils are 
covered by thin Teflon layer with GE-varnish. Each secondary coil consists of 11 layers 
with a total of 440 turns. By the same way, we wind 6 layers of the primary coil with total 






















3.3.3.2 Balancing the susceptometer 
We connect the ac susceptometer to SR850 Lock In Amplifier. The primary coil is 
connected to sine out outlet and the secondary coil is connected to A-signal outlet. The 
important step is to adjust the susceptometer measurement where χ′ is maximum and χ′′ is 
minimum. Lock In amplifier readings for the real and imaginary susceptibility must be of 
nano -order. This is achieved by increasing or decreasing some turns of the primary coil 
and adjusting the frequency, phase difference, time constant and the gain as shown in 
Table 4.1 and then we fix the connecting pins. The balance of the ac susceptometer must 
be occurred far away about any magnetic source such as ferromagnetic materials 
[54],[50]. The ac susceptometer is fixed on a base made of a red copper for obtaining 
high thermal conductivity between the susceptometer  and the surrounding environment. 
We often add a very large resistance ~ 10KΩ in series with the primary coil to eliminate 
the eddy current which may be produced and affects the sample signal. The sample is 
inserted into the hole to be located into one of the secondary coils. A temperaure sensor 
(CGR-1000) is connected to the position of the sample to read the temperature of the 
sample during the experiment by temperature controller. The data of the susceptibility 
and temperature are collected by the LabView program (Version.8).  
 
Table 3.3 The operation conditions of Lock In amplifier for optimal susceptibility measurements. 
Frequency Time constant Difference phase Gain 





The system used for investigation of the ac susceptibility is the cryostat(JANIS) shown in 
Fig. 3.2 with the following components:  
 The closed cycled refrigerator(Sumitomo-RDK-408D2). 
 Lock In Amplifier (STANDFORD RESEARCH SYSTEMS-SR850 DSP) which is  
   used in detection and measurement of very small AC signals reach a few nanovolts. 
This instrument can be adjusted at a required frequency for discriminating a special 
signal if the noise background is very high. (reaches many thousands of times of the 
signal).  
 The temperature controller (LAKE SHARE 336) is used for measurement of the   
     sample  temperature along the temperature range. 
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3.3.4 Resistance vs temperature 
Measurement of the resistance of superconductor materials is one of methods for 
characterization of the superconductor behavior. It is well known that some materials 
become superconductors when they lose abruptly their resistances at a very low 
temperature range below the critical temperate Tc. However, the decline in the resistance 
may be slow due to some impurities  present in the superconductor sample. The 
resistance of the superconductor can be measured by the two-probe method. But the 
situation will be different if the sample resistance is very much small such that the 
resistance reading is not easy to be estimated due to the contact points of the sample with 
the reading device produce an additive resistance to the sample resistance. For that, the 
four-probe method is an accurate method in a measurement of the resistance.  Fig. 3.3 
shows the four-probe method, the probes 1 and 4 are connected for the current 
measurement while the voltage drop is measured across the probes 2 and 3. The wires are 
connected to the sample by silver-based glue. The ac signal is used instead of the dc 
signal for removing the capacity which generates between the wire contact points and the 
sample surface[55]. The resistivity measurement is performed by the system shown in 
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CHARACTERIZATION AND DISCUSSION 
4.1 XRD Characterization 
In this section we report the XRD analysis for all samples investigated in this thesis. To 
enhance the contribution of the low intensity peaks coming from the impurity phases, we 
represent the intensity of the scattered X-ray as squre root on the y-axis (I0.5 vs. 2). 
Nanoparticle size of CuF2: first we confirm the nano-particle nature of CuF2 used in 
sample preparation. The Scherrer equation is often used to evaluate the particle or 
crystallites size. The broadening of the diffraction peaks is directly related to the particle 






where g is the average size of the grain, λ is the wavelength of x-ray radiation source, β 
being the full width of half maximum. The full width of half maximum(FWHM) is 
determined from the maximum peaks of 27.5°, 31.6° and 33.6° as in shown Fig. 4.1.  The 
























Fig. 4.1 XRD pattern for CuF2 used as doping material for MgB2.  
 
We prepared two groups of pure and doped MgB2 samples by the solid-state method as 
shown in Table 4.1. The first and second groups were annealed at two different 
temperatures; 750°C and 850°C for two hours, respectively. We investigated the XRD 
patterns of all samples in both groups, in order to screen the optimal preparation 
conditions that prodeuces improved magnetic and superconducting properties of MgB2.  
 
 Annealing of the pure samples (MB00, MB26 and MB01) 
Fig. 4.2 shows three patterns of XRD for pure MgB2 samples, MB00(as is), MB26 
(annealed at 750oC) and MB01 (annealed at 850oC). It can be observed that the MgB2 




preparations, it interaction readly with O2 available in air as we mentioned before. 
Similarly, MB26 and MB01 samples exhibit a clear appearance of other impurities beside 
MgO phase such as Mg, B2O, B2O3 and SiO2. The latter phase results from interaction 
sample with  the quartz tube which resulted in decomposition of MgB2, producing Mg, 
B2O and B2O3.It can be also observed that XRD pattern of MB26 (annealed at 750oC) has 
several impurities peaks  more than any of the other sample in Fig. 4.2. 



































Fig. 4.2 XRD patterns for MgB2 samples, un annealed 
 (as is), annealed at 750oC and annealed at 850oC. 
 
 Excess of Mg-during preparation  
Fig. 4.3 exhibits XRD patterns of two samples, MB27 and MB23, of (MgB2 + 10%Mg) 
annealed at 750oC and 850oC respectively. The aim of the Mg extra is to compensate for 




4.2. MgB2 phase  shows more deterioration and this indicates  that Mg extra is not 
efficient in enhancement of MgB2 phase and reducing MgO content.  

































+10% Mg)750oC & 850oC
 
Fig. 4.3 XRD patterns for MgB2 samples, un annealed (as is)  
            (MB00), (MgB2+10 %Mg) annealed at 750oC (MB27) 
       and (MgB2+10 %Mg) annealed at 850oC(MB23). 
 
 Effects of CuF2 nanoparticles inclusion 
Similarly, Fig. 4.4 shows three samples of MgB2 doped only with 1, 2, and 5% of 
CuF2(MB30, MB28 and MB29) annealed at 750oC. MgO, Mg, B2O, B2O3 and SiO2 are 
also found within MgB2 phase. In Fig. 4.5, three samples of MgB2 doped only with 1, 2, 
and 5% of CuF2 (MB32, MB24 and MB25) annealed at 850oC. In both figures Fig. 4.4 
and Fig. 4.5, 1% of concentration of CuF2 enhances the impurities peaks while the 2% 
and 5% concentrations degrade MgB2 structure. A slight   improvement can be seen in 
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Fig. 4.4 XRD patterns for MgB2 samples doped with 1, 2 and 5% for  
(MB30),(MB28) and (MB29) respectively and annealed at 750oC. 
 
 








































Fig. 4.5 XRD patterns for MgB2 samples doped with 1, 2 and 5% for (MB32),  





 Effects of CuF2 and excess of Mg  
Fig. 4.6 and Fig. 4.7 show (MgB2+10%Mg) samples doped with 1, 2, and 5% of CuF2 
(MB31, MB8R and MB21) and (MB33, MB10 and MB22) annealed at 750oC and 850oC 
respectively. The results of XRD patterns are supersizing; 1% of concentration of CuF2 is 
not sufficient to remove or prevent the formations of various oxides at both annealing 
temperatures. However, 2% concentration showed only a single phase of MgB2 in MB8R 
prepared at 750oC while a trace of MgO phase can be seen in MB10 prepared at 850oC. 
For samples with 5%CuF2 concentration, the XRD patterns revealed deterioration in the 
structure and re-emerging of impurity phses(MB21 and MB22 samples) as shown in Fig. 
4.6 and Fig. 4.7, respectively. The impurities have been partially reduced in MgB2 as 
shown Fig. 4.6 but also caused some damage to MgB2 structure as in Fig. 4.7.  
We  conclude that MB8R sample ( MgB2+2%CuF2+10%Mg) at 750oC is the best sample 
MgO and other contaninations  almost disapprear and the only dominent phase belongs to 




































 MB31   1% CuF
2
 MB8R   2% CuF
2








Fig. 4.6 XRD patterns for(MgB2+10%Mg) samples doped with 1, 2 and 5% 
     for (MB31), (MB8R) and (MB21) respectively and annealed at 750oC. 
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Fig. 4.7  XRD patterns for MgB2 samples doped with 1, 2 and 5% for  





4.2 Resistivity Measurements 
Fig. 4.8 shows the normalized resistivity measurements versus temperature for (as is) 
sample and  samples prepared at 750°C. The measurements were carried out for a range 
from 30 K to 45 K in zero magnetic filed. It can be seen the normalized resistivity of 
MB8R sample (MgB2+10%Mg+ 2% CuF2) drops sharply down at the onset of transition 
temperature Tc,onset of 38.6° which is the highest  transition among all investigated 
samples.  Moreover; the transition width, ΔT, is very small indicating  sharper for MB8R 
and MB21(ΔT~2K) as shown in Table 4.1. The sharpness of the transition curves can be 
attributed to good quality of the samples and  good grain connectivity in MB8R and 
MB21 whereas  the as is sample (MB00) displays a wider width (ΔT=7.7K) can be 
ascribed to the contamination of MgO which is localized on the grain boundaries of 
MgB2 and isolates MgB2 grains. The MB26 (750oC annealing with no Mg extra) sample 
exhibits non conducting behavior with very high resistance at low temperature. This 
indicates that the grain are completely isolated with MgO layerThis non-conducting 
behavior  in further supported by the oxide impurity paheses seen in the XRD patterns 
(Fig. 4.1 ). The best sample (MB8R)  also supports by   the XRD results, conferming that 
doping MgB2 with 2% CuF2 as well as 10%Mg is enough for improvement of 






































Fig. 4.8 Normalized resistivity vs temperature for undoped 
 and doped MgB2 at 750oC 
 
 
Table 4.1 shows the variation of the transition temperature of Tc, onset , Tρ=0 and ΔT for resistivity 
measurements of samples annealed 750oC. 
# sample Tc( onset)K Tc(ρ=0)K ΔT  K 
MB00 37.6 29.9 7.7 
MB26 --- ----  
MB8R 38.6 36.6 2 







Fig. 4.9 shows the normalized resistivity measurements versus temperature for all 
samples prepared at 850°C. The measurements were carried out for a range from 30 K to 
45 K at zero filed mode. The transition temperature onset, Tc,onset of 
MB25(MgB2+5%CuF2)  and MB24(MgB2+2%CuF2) show the highest Tc,onset ( 38.6K) 
and ( 37.8K), respectively. The width of the transition temperature is too wide.  
Table 4.2. The data shows the width  is wider than that for samples prepared at 750C. 
This could probably due to increasing MgO and Boron oxides  at the MgB2 grain 
boundaries. The MB22 sample (MgB2+10%Mg +5%CuF2) displays the least Tc,onset ( 
33.7K). The  reduction   may be attributed  to formation of secondary phases (see XRD 
patterns in Fig. 4.7. 
Samples MB23(MgB2+10%Mg) and MB10(MgB2+10%Mg+2%CuF2) also show the 
transition temperature onset Tc, onset, at 36.7°C and 36.0°C, respectively and the transition  
width is ∆T=4.1K and 2K, respectively. This sharpness of transition curve in these 
samples indicates good connectivity among the MgB2 grains by CuF2 and Mg extra when 
compared with MB00 (MgB2 as is with ΔT=7.7K). 
To summarize,  CuF2 inclusions only as in MB24 and MB25 has a negative effect and 
causes deterioration in MgB2 matrix and the formation of MgO and Boron oxides..  The 
addition of  10% Mg along with CuF2 compensate  for Mg losses and maintains MgB2 
phase and stoichiometry. MB10 is the optimized sample among all samples synthesized 
at 850oC, while  MB8R (MgB2+10%Mg+2%CuF2) sample is the optimal sample 




































Fig. 4.9 Normalized resistivity vs temperature for undoped 
 and doped MgB2 at 850oC 
 
 
Table 4.2 shows the variation of the transition temperature of Tc ,onset , Tc, ρ=0 and ΔT for resistivity 
measurements of samples annealed 850oC 
sample Tc( onset)K Tc(ρ=0)K ΔT  K 
MB00 37.6 29.9 7.7 
MB23 36.7 33.1 3.6 
MB24 37.8 --- Very wide 
MB25 38.4 --- Very wide 
MB10 36.0 34.0 2 





4.3 Ac-Susceptibility Measurements 
4.3.1 Phase Difference 
The ac susceptibility represents the response of the sample to be magnetized by applying 
alternating magnetic field. Any changes in the magnetization due to temperature changes 
can be easily detected in the set of pick up coils and displayed by the lock-in-amplifier as 
a real and imaginary parts of the susceptibility and the phase angle between them. The 
real part refers to the real susceptibility, the imaginary part is linked to the energy losses 
associated with the changing magnetic field. The phase angle basically represents the lag 
angle begtween the applied magnetic field and the sample magnetization and also linked  
to the energy losses. Any changes in state of the sample will be reflected as changes in 
the magnetization and changes in the lag angle. Hence one can use the changes in the lag 
angle to detect phase transition.  
 
 Annealing of the pure samples (MB00, MB26 and MB01) 
In Fig. 4.10 we present the variation of the lag angle () phase difference of ac 
susceptibility measurements of the sample signal and reference signal versus temperature 
for the three pure samples of MgB2, MB00(as is), MB26(750oC), MB01(850oC). The 
phase difference of the sample signal and reference signal in the normal state (above Tc) 
is very small and near to zero where the magnetization is almost zero. The imaginary part 
is also zero, and no losses in the normal state appears due to the ac-applied magnetic 
field.Below Tc, the sample is diamagnetic, its magnetization is out of phase with the 




The  phase difference changes dramatically to be reached 160o ~ 175o. This change 
occurs at the transition temperature at which the sample state transfers from normal to 
superconducting state. We extracted all transition temperatures for all samples and 
recorded into Table 4.3. 
For pure samples MB00, MB26 and MB01, the annealing temperature of 750oC for 
MB26 leads to reduction of the transition temperature onset, Tc,onset to 32.3K whereas 
Tc,onset of  MB01sample increases to 39.9K by annealing at 850oC. 
 
 Excess of Mg-during preparation 
Fig. 4.12 shows the results ofthe annealed samples at 750oC and 850oC have similar 
effect on MB27 and MB23 samples with 10%Mg with transition at 35.7K and 39.7K 
respectively. 
 
 Effects of CuF2 nanoparticles inclusion 
 In Fig. 4.12 the same behavior with the samples of MgB2 doped with 2% and 5% CuF2 
only (MB28 and MB29) and, (MB24 and MB25) is repeated where that the annealing 
temperature of 850oC enhances the Tc, onset while 1% of CuF2 for the two annealing 
temperatures of 750oC and 850oC does not enhance the Tc,onset but reduces it to around 
~35.7 and 35.9K, respectively. The samples of MB30 and MB32 
(MgB2+1%CuF2+10%MgB2) show reducing Tc, onset to 34.8K and 35.8K for both 






 Effects of CuF2 and excess of Mg 
 From Fig. 4.13 the samples of MB8R and MB10 show opposite manner for Tc, onset with 
the annealing temperatures. The annealing temperature of 750oC improves Tc,onset to 
38.9K whereas 850oC degrades the Tc, onset to 37.5K. The samples MB21 and MB22 
represent no change in the Tc,onset (40K and 39.4K). In addition to that 1% CuF2 for 
samples (MB31) annealed at750oC destroys partially the superconducting fraction 
volume of MgB2 due to MB31 transition temperature is not sharp and so much wide. As 
well as reduction of the phase difference to be 150oC. 
 
 
Table 4.3 shows the variation of the transition temperature of Tc ,onset susceptibility measurements  










for 2 hours 
MB00 37.8 
As is (no heat 
treatment) 
------ ------- ------- 
MB26 32.3 Pure   MB01 39.9 Pure 
MB27 35.7 10%Mg MB23 39.7 10%Mg 
MB30 35.9 1%CuF2 MB32 35.7 1%CuF2 
MB28 35.7 2%CuF2 MB24 38.2 2%CuF2 
MB29 35.5 5%CuF2 MB25 40.0 5%CuF2 
MB31 34.8 1%CuF2+10%Mg MB33 35.8 1%CuF2+10%Mg 
MB8R 38.9 2%CuF2+10%Mg MB10 37.5 2%CuF2+10%Mg 


























Fig. 4.10 The phase difference measurements for pure MgB2 sample; MB00(as is), 
 MB26 and MB01 annealed to750oC and  850oC respectively 
 
 




















Fig. 4.11 The phase difference measurements for MB00 and (MgB2 +10%Mg)samples;  



























Fig. 4.12 The phase difference measurements for MgB2 doped with 1, 2 and 
               5% CuF2  at 750oC (MB30,MB28 and MB29) and at 850oC  
(MB32, MB24 and MB25), respectively 























 +10%Mg) doped with 1, 2 2for( MgB surementshe phase difference meaT 13.4Fig.                  
 and 5% CuF2) at 750oC (MB31,MB8R and MB21) and at 850oC 
 (MB33, MB10 and MB22), respectively 




4.3.2 Total Ac-Susceptibility 
The ac-susceptibility measurements have been performed with temperature for all 
samples synthesized under annealing temperatures 750oC and 850oC. These 
measurements are displayed in Fig. 4.14, Fig. 4.15, Fig. 4.16 and Fig. 4.17 
 
 Annealing of the pure samples (MB00, MB26 and MB01) 
Fig. 4.14 shows the total susceptibility (χ total) versus temperature for pure MgB2 samples; 
MB00(as is), MB26 and MB01annealed to750oC and 850oC respectively. The transition 
temperature shifts to a lower  and higher values in MB26 andMB01 respectively. This 
shift is attributed to the annealing temperature influence.  
 
 Excess of Mg-during preparation 
 In Fig. 4.15, adding 10%Mg to pure MgB2 at annealing temperature of 750oC for 
(MB27) sample increases the susceptibility magnitude and transition temperature while 
the Mg addition with annealing temperature of 850oC for (MB23) sample decreases the 
susceptibility magnitude and increases transition temperature if both samples are 
compared to MB00 sample (as is). As it is noticeable that the transition curve of MB27 
has a second transition peak, is attributed to a secondary phase, may be residual Mg is not 
reacted during the annealing temperature of 750oC. The secondary peak disappears in 







 Effects of CuF2 nanoparticles inclusion 
 In Fig. 4.16. the total susceptibility (χ total) meaurement versus temperaure for MgB2 
doped with 1, 2 and 5% CuF2)  respectively with samples(MB30,MB28 and MB29) 
annealed to750oC and (MB32, MB24 and MB25) annealed  850oC. It can be seen that 
MB28 sample(2%CuF2 at 750oC) represents the higher susceptibility magnitude and 
transition temeraurewhereas MB30(1%CuF2 at 750oC)displays the opposite behavior 
which  in turn confirms the effeciency of 2% CuF2 under 750oC in enhanement of the 
MgB2 susceptbility and the transition temperature. The rest samples show very low 
susceptibilty although that the transition temeraure is high. 
 
 Effects of CuF2 and excess of Mg 
Fig. 4.17 exhibits the total susceptibility (χ) meaurement versus temperaure for 
(MgB2+10%Mg) doped with 1, 2 and 5% CuF2 respectively with samples ( MB31,MB8R 
and MB21) annealed to750oC and (MB31, MB10 and MB22) annealed  850oC. MB31 
sample (1%CuF2 at 750oC) does not show any suscepotibility magnitude (no magnitzed 
sample) followed by MB33 sample(1%CuF2 at 850oC) which displays a very weak 
susceptibility. Thus we can saying that 1% CuF2 concentration is not effective in 
improvimg MgB2 but leads to more destruction of MgB2 superconductivity. 
As well, samples MB21 and MB22 (MgB2+10%Mg +5%CuF2) annealed 750oC and 
850oC respectively show weak susceptibility but the susceptibility of MB21 is larger and 
exhibits a second peak as happened with MB27(MgB2+10%Mg) which is ascribed to  a 





The samples MB8R and MB10 which were synthesized from (MgB2+10%Mg+2%CuF2) 
and annealed at 750oC and 850oC respectively represents high susceptibility magnitude 
equals almost three times of susceptibility magnitude of MB00(as is) sample.  MB8R 
sample  exhibits susceptibility with higher and sharper transition temperature in                          
Fig. 4.17. 











Fig. 4.14 The ac-susceptibility measurements for pure MgB2 sample; MB00(as is),  















Fig. 4.15 The ac-susceptibility measurements for MB00 and (MgB2 +10%Mg) 






















Fig. 4.16 The ac-susceptibility measurements for MgB2 doped with 1, 2 and 
               5% CuF2  at 750oC (MB30,MB28 and MB29) and at 850oC  



















                         Fig. 4.17 The ac-susceptibility measurements for (MgB2+10%Mg) doped with 1, 2  
                           and 5% CuF2 at 750oC  (MB31, MB8R and MB21) and at 850oC  






                                                                            
MAGNETIC PROPERTIES OF MGB2 SUPERCONDUCTOR 
The magnetic properties of superconducting materials are essential for understanding 
various properties of superconductors. The magnetization curves can be used to obtain 
valuable information about the superconducting-magnetic state. The remnant 
magnetization, critical current density and other reversible and irreversible properties can 
be readily evaluated. The irreversible properties are largely attributed to irregularity and 
inhomogeneity, such defects or impurities in type II superconductor. These are commonly 
known  as pinning sites and serves as traps for magnetic flux lines (vortices) [57].  The 
M-H magnetization curves of type–II superconductors usually form irreversible loops 
known as hysteresis loops as shown Fig. 5.1 The magnetization does not go back to zero 
when the applied field reduces to zero, but there is a remnant magnetization (Mr) in the 
superconductor. This remnant magnetization is proportional to the number of trapped 
vortices flux lines in the material. Other properties that can be obtained from the 
hysteresis loops include for example; critical current density Jc, pinning force Fp, 














































5.1 Hysteresis Loops of the Investigated Samples  
The magnetization M(emu/g) of each sample was measured using the vibrating sample 
magnetometer (VSM) vs the applied DC magnetic field H(Oe) at different temperatures 
from 4 to 32K.  Fig. 5.2 shows the hysteresis loop for MB00 (as is) sample. 
 
It is clear that the area of the hysteresis loops decreases with increasing temperature. In 
addition, the remnant magnetization (Mr) and the irreversibility field (Hirr) represent a 
clear decrease as temperature rises up. Using these hysteresis loops along with the Bean’s 
model we can evaluate the critical current density (Jc), volume pinning force (Fp) and the 
irreversibility field (Hirr) as well as full penetration field HP can also be evaluated. The 
hysteresis loops of annealed pure and doped samples at 750oC and 850oC for 4K are 
shown in Fig. 5.3.  
































Fig. 5.3 The hysteresis loops for all pure and doped samples annealed 
at 750oC and 850oC for 4K. 














 MB00:Pure  (as is)
 MB26:Pure at 750oC
















 MB27:MgB2 +10% Mg at 750oC
 MB23:MgB2 +10% Mg at 850oC
 MB28:MgB2 +2% CuF2 at 750
o
C
 MB24:MgB2 +2% CuF2 at 850oC
4K














 MB8R:MgB2+10% Mg+2% CuF2 at 750
o
C
 MB10:MgB2+10% Mg+2% CuF2 at 850
o
C
 MB21:MgB2+10% Mg+5% CuF2 at 750
o
C







5.2  Critical Current Density, Jc, Measurements 
Transport measurements offer a direct method to evaluate the critical current density. The 
method is relatively simple for low current density, especially near the transition 
temperatures. However; at very low temperatures and for materials with high critical 
current densities, technical difficulties associated with high currents and heat dissipation 
become enormous and hinder using the transport method in evaluating the critical current 
density of superconducting material. 
A much simpler method is provided by magnetic measurements. The critical current 
density Jc  can be evaluated from the magnetic hysteresis loop of the sample. When the 
magnetic flux lines penetrate the sample in the mixed state, the circuiting currents are 
created around the magnetic flux lines. Each circulating current and the flux line form 
what is called a vortex. The flux line represents the normal core of the vortex with radius 
ξ while the circulating current forms the supercurrent with radius λ of the vortex. Both 
magnetic field H and the critical current density Jc drive the vortex to move through the 
sample bulk by Lorentz force resulting from H × J. The Lorentz force reaches a 
maximum value if H is perpendicular to J. 
In the absence of pinning, the vortices move freely along the force direction without any 
barriers prevent their motions. When the magnetic field reaches Hc2 the superconductor 
becomes in the normal state. If the magnetic field is reverse from Hc2 to zero, the 
magnetization curve is identical to the magnetization curve of increasing the magnetic 
field in reversible way and at H=0, the magnetization becomes zero. Thus, this sample 
does not carry any current due to the reversibility in the magnetization.  For 




and results in a sizable hysteresis loop. At H=0, there will be a remnant magnetization 
and trapped flux lines. The width of the magnetization curve is directly proportional to 
the density of the trapped flux lines. Irreversibility of the magnetization is attributed to 
the trapping of the flux lines by inhomogeneities such as dislocations, precipitates, 
impurity and grain boundaries which serve as a pinning force that inhibits a vortex 
motion. Bean speculated that the the current density (Jc)  is directly proportional to the 
width of the hysteresis  loop. In the following we discuss two main characteristic 
irreversible properties of the superconductor directly obtained from the hysteresis loops; 
the critical current density, Jc and the pinning force, Fp. [57]. The superconducting 
inhomogeneous sample can carry any amount of current density as long as Lorentz force 
does not exceed the pinning force, Fp. When the external magnetic field H increases the 
flux lines density increases leading to increasing Lorentz force. When Lorentz force 
equals the pinning force, the current density reaches its maximum value.  In the following 
sections we will discuss the Bean’s critical state model and apply it to the magnetic 
hysteresis loops to evaluate the critical current density and pinning force and their scaling 
behavior.   
 
5.3 Bean’s Critical State Model 
Bean critical state model describes the magnetization of type II superconductor under 
varying external magnetic fields. The model presents a simple and effective method for 
evaluating the critical current density in the hard superconductor from the width of the 
hysteresis loops ∆M.  The model is based on the following main assumptions:   




 Above the full penetration field, the critical current density Jc is independent of 
the external magnetic field H. 
 In any penetrated region of a superconductor, the critical current density is normal 
to the applied magnetic field.  
Although that the Bean’s model is a good model for calculating the critical current 
density, but it has some limitations: 
 It does not consider Meissner effect. 
 In most superconducting materials including high temperature superconductors 
(HTSC), Jc depends strongly on the applied magnetic field. 
 No consideration for the critical current density origin[58]. 
The critical current density, Jc can be calculated directly from the width of the hysteresis 
loop ∆M as shown in Fig. 5.1 [10]. The magnetization of the sample varies according to 
the variation of the applied magnetic field H. The critical current density, Jc is directly 
proportional to the magnetization difference, ∆M. For example, for a cylindrical sample  
Jc ~ ∆M/r 








Bean’s model can be expressed in a simple form; namely: [60]: 




30 (M      −  M    )
〈d〉
 
 where ∆M=(Mdec - Minc) (in emu/cm3) is the width of hysteresis loop as shown in Fig. 
5.1. and 〈d 〉(in cm) is the average diameter of sample perpendicular  to the applied field.                      
Fig. 5.4 shows the variation of the critical current density, Jc with the magnetic field, H 
within the temperature rang (4-32) K in MB00 (as is) sample. It can be seen that the 
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In Fig. 5.5, we will study the variation of the critical current density for pure and doped 
samples at 4K as follows 
 Annealing of the pure samples (MB00, MB26 and MB01) for 4K  
Fig. 5.5 shows the critical current density, Jc (A/cm2) measurement versus the applied 
magnetic field, H(Oe) on log scale for pure samples. MB00 sample produces the highest 
critical current density, Jc at 4K among all studied samples.  However, it decreases 
rapidly in annealed samples MB26 and MB01 which may be due to improving MgO 
content into MgB2 phase leading weak pinning and degradation of the connectivity 
between MgB2 grains.  
The critical current density Jc was estimated in MB00 sample for 4K at ~ 7x104 A/cm2 
while its value reduces to 1.5 x104 A/cm2 in MB26 and MB01 samples. This indicates 
that annealing has negative effects and deteriorates the critical current density. XRD 
analysis of the treated samples revealed a large increase in MgO, BxO, B2O3 indicating 










 Excess of Mg-during preparation for 4K 
It is common practice in preparing MgB2 to use excess of Mg to compensate for Mg 
evaporating and losses. It has been suggested that excess Mg reduces Mg oxidation at the 
grain boundaries and hence helps in obtaining almost a pure MgB2 single phase. Excess 
Mg may also play an important role in improving grain connectivity. 
In this section, we investigate the effects of excess Mg on the critical current density in 
MgB2.  Fig. 5.5 shows the critical current density, Jc measurements with the applied 
magnetic field, H in log scale for pure MgB2 mixed with 10% Mg for two samples of   
MB27 and MB23 annealed at 750°C and 850°C, respectively. The critical current 
density, Jc improves more in MB27 sample comparing with the critical current density, Jc 
of MB26     sample. We find that Mg extra provides an increase in Jc followed by MB23. 
We suspect that a large amount of Mg is lost or oxidized rapidly during annealing at 
850oC. It seems that using excess Mg may be more effective at 750oC and improves the 
grain connectivity between the MgB2 grains. 
 
 Effects of CuF2 nanoparticles inclusion for 4K   
Also Fig. 5.5 shows the critical current density, Jc measurements with the applied 
magnetic field, H in log scale for MgB2 samples MB28 and MB24 (MgB2+2%CuF2) 
annealed at 750°C and 850°C, respectively. It can be observed that doping by CuF2 did 
not introduce any enhancement in the critical current density, Jc.  The behavior of Jc is 
similar to its behavior of pure samples MB26 and MB01 annealed at 750°C and 850°C 




 Effects of CuF2 and excess of Mg for 4K 
Fig. 5.5 represents the critical current density, Jc measurements with the applied magnetic 
field, H in log scale for (MgB2+10%Mg+2%CuF2) samples MB8R and MB10 annealed 
at 750°C and 850°C. The critical current density, Jc in MB8R seems the higher followed 
by the critical current density in MB10. It is clearly observed that the critical current 
density of MB8R is enhanced if compared to MB26 sample (MgB2 at 750oC). The 
annealing temperature effect of 850oC is shown in reduction of the critical current density 
unlike the annealing temperature of 750oC. Therefore we can notice that 750OC is 
considered as suitable annealing temperature in enhancement of Jc[61]. 
For 5% concentration of CuF2, (MgB2+10%Mg+5%CuF2) samples, MB21 and MB22, 
annealed at 750°C and 850°C, respectively exhibit the same behavior of MB8R and 
MB10 samples. But the 5% concentration of CuF2 affects negatively the critical current 
density, Jc as in MB21 and MB22 samples if they are compared with MB8R and MB10 
samples respectively. This suggests that 5% of CuF2 is a high concentration of doping in 
MgB2 and leads to deterioration of the superconducting state, ultimately affecting  the 
















7x104  MB00: as is
 MB26: pure at 750
o
C




























 MB27: MgB2+10%  Mg at 750
o
C
 MB23: MgB2+10%  Mg at 850
o
C
 MB28: MgB2+2%  CuF2 at 750oC


















 MB8R: MgB2+2% CuF2+10% Mg at 750
o
C 
 MB10: MgB2+2% CuF2+10% Mg at 850oC
 MB21: MgB2+5% CuF2+10% Mg at 750oC




Fig. 5.5 The critical current density, Jc measurements for all pure and 




We present in Fig. 5.6 the variations of the critical current density, Jc against the applied 
magnetic field, H for MB00, MB26, MB8R, MB10 and MB21 samples for 25K. it is 
clearly seen that MB00 sample has the highest critical current density followed by MB8R 
while the other samples exhibit the lowest critical current density. However, the slope of 
MB8R sample is smaller than that of MB00 and this indicates a high stability of MB8R 
sample.  We may attribute this to enhancement of the pinning centers by CuF2 doping 
with extra Mg. MB26 and MB10 samples depict obviously the influence of annealing 
temperature on the critical current density, Jc if compared with MB00 and MB8R., 
respectively. Based on XRD results and resistivity measurements, the annealing 
temperature increases the contaminations ratio within the sample and then reducing the 
superconducting fraction volume and the connectivity among the grains. To investigate, 
the variation of the critical current density Jc with temperature at fixed applied magnetic 
field (3KOe), Fig. 5.7 the critical current density Jc curve of MB8R sample trends to be 
almost linear and smaller whereas the curve of MB00 suffers a high reduction in the low 
temperature range and becomes almost a straight line in the high temperature range. This 
is another evidence about the good effect of the doping MgB2 by CuF2 nanoparticles with 


















 MB00: as is 
 MB26: pure at 750
o
C
 MB8R: ( MgB2+2% CuF2+10% Mg) at 750oC
 MB10: ( MgB2+2% CuF2+10% Mg) at  850
o
C
 MB21: ( MgB2+5% CuF2+10% Mg) at 750oC
 
Fig. 5.6 The varaiation of the critical  current density against the applied magnetic  
field for MB00, MB26, MB8R, MB10 and MB21 samples for 25K. 
 















 MB8R(MgB2+2% CuF2+10%mg) at 750oC
   
    
3kOe
 
Fig. 5.7 The varaiation of the critical  current density against the temperature  






5.4 Kramer plots (the critical current density scaling) 
Kramer plots relation J0.5 H0.25 versus H can be concluded from  Fietz and Webb 
relation[62]:                                 f∝ h (1 − h)                (1)  

















 ⟹  f∝ Jc× H                   (2)    
by comparing (1)and (2) 




















  ∝ (1 − h)              (3)   




   is proportional to h. The p and q values of 
Kramer plot represent  0.5 and 2 respectivily.  Then the form of Kramer relation is given 
as follows    (Jc) . (H) .   ∝ (1 − h).  In fact, values of p and q  are related to the type of 
pinning mechanism based on Dew Hughes classification. For example, in MgB2 the 
dominant pinning mechanism occurs by grain boundaries where  p and q value equal to  




H for all samples of MgB2 pure and doped at annealing temperatures of 750oC and 850oC 
for  a temperature range of  (4,10, 20and 30K). There are clear linear parts of Kramer 
plots for each sample.  We can benefit from these linear lines in detemination of the type 
of the pinning mechanism and the irreverivle magnetic field H   
 
  by the extrapolating 
these linear lines to the magnetic field axis. When the linear lines are parallel, i.e, have 
the same slope for the whole temperature range, the pinning mechanism in the sample 
obeys one type of the pinning and any change in the pinning means appearance of another 
pinning or occurrence of deviation in the dominant pinning. In our samples, we will 
investigate the dominant type of pinning and its deviation and extract the irreversible 
filed H   
   . 
MB00 sample in Fig. 5.8 represents the parallel linear lines for the whole range of 
(4,10,20, and 30) K and indicates that the dominant pinning has been done by the grain 
boundary. As that H   
    decreases with increasing temperature from 4K to 30 K. On the 
other hand, MB26 pure sample annealed at 750oC exhibits the parallel linear lines for 
4,10, and 20K except the linear line of 30K which shows a different slope and indicates 
the change in the dominant pinning mechanism. As seen that  (Jc) . (H) .   and 
H   
   quantities are lower after annealing temperature in comparison with MB00. This 
lowering can be attributed to the contamination occurring in MgB2 phase, according to 
XRD results, because of the annealing effects. In addition, H   
   reduces with increasing 
temeraure from 4K to 30K. 
As that MB27 sample in Fig. 5.8 shows the effect of Mg excess in enhancement of 
(Jc) . (H) .    and irreversible magnetic field H   
   under the annealing temperature of 





   , but however the  pinning mechamism  follows the same behaviour of MB26 
sample. The linear lines are parallel for 4, 10 and 20K while the linear line of 30K  does 
not parallel them. This indicates a change in the pinning mechanism and an appearance of 
another dominent pinning at high temperature namely 30K. Kramer plots of MgB2 phase 
doped with 2% CuF2 at 750oC were studied  in MB28 sample. We can clearly observe 
that all linear lines are  almost parallel (the same slope) and follow the same dominent 
pinning mechanism. The irreversible field H   
   suffers a clear reduction in comparison 
with the previous samples. 
 




























































































































































Fig. 5.9 shows effects of CuF2 and excess of Mg on MgB2.  Three samples (MB8R, 
MB10 and MB21) were synthesized with two different concentrations of CuF2 at 
annealing temperatures of 750oC and 850oC. 
MB8R sample represents ( MgB2 +2%CuF2+10%Mg) at 750oC. This sample appears 
three linear lines belong to 4, 10 and 20K while the forth linear line  at 30K is not parallel 
to them. This change in parallelism expresses about the change in the pinning mechanism 
at approaching toward the critical temperature, Tc . 
As we can see that MB10 and MB21 samples exhibit ( MgB2 +5%CuF2+10%Mg) and ( 
MgB2 +2%CuF2+10%Mg) at 850oC and 750oC respectively. The behavior of both sample 
are similar with MB8R. However, the , (Jc) . (H) .   and H   
   are ligher values in MB8R 
which is ascribed to the purity of the MB8R from the contamination such MgO that can 
be formed on the grain boundaris of MgB2 during its synthesis. MB8R and MB10 
samples were synthesized at the same concentration of CuF2 but different annealing 
temperature. The annealing temperaure of  850oC produces a higher contamination in 
MB10 sample then (Jc) . (H) .   and H   
   quantities decreases more. This situation was 
repeated between MB10 and MB21. The concentration of CuF2 (5%) in MB21 is higher 
than that in MB10 (2%) which in turn leads decreasing in (Jc) . (H) .   and H   
   
quantities.  We conclude from Kramer plots very important information about the nature 
of the dominant pinning in the superconductor and its changes assoscitaed  with the 








Fig. 5.9 Kramer plots of MB8R, MB10 and MB21 samples for 4, 10, 
20 and 30K 































































































































                                                                        
PINNING FORCE, FP  
6.1  Pinning Force, Fp Measurements 
When an external magnetic field is applied to a type II superconductor at T<Tc, the field 
will be repeled  from the superconductor interior as long as the applied magnetic field 
value does not exceed the lower critical field Hc1-it is called Meissner effect. When the 
external applied magnetic field exceeds Hc1, its flux lines start threading through the 
superconductor forming normal regions surrounded by superconducting regions. The 
superconductor, in this case, becomes in the mixed state where the normal state and 
superconducting state coexist.  The Lorentz force, FL appears as result of interaction of 
the flux lines in the normal regions with vortices in the superconducting regions. This 
force drags these vortices through the superconductor giving rise to increasing thermal 
energy and the appearance of a resistance eventually destroying the superconducting state 
of the material. The superconductivity can be protected by preventing the vortices motion 
inside the superconductor by a reverse force called the pinning force, Fp. To stop motion 
of vortices, Fp must be larger than FL. When Fp equals FL, a current density J, can be 
carried by the superconductor, reaches to its maximum value. This maximum value is 
called the critical current density, Jc above which the te superconducting state is 
destroyed.   
Fig. 6.1 shows the variation of the pinning force, Fp, with the applied magnetic field H for 
MB00 sample at various temperatures (4,10,15,20,25,30 and 32K). The pinning force, Fp 




observed that Fp(AOe/cm2) starts increasing to reach Fp,max with increasing H(Oe) and 
then trends  decreasing toward zero at Hc2.  
In fact, Fp approaches to zero at a field is less than Hc2 ,is called irreversible magnetic 
field, Hirr where the irreversible behavior disappears. At high fields and temperatures, a 
second peak, or a slower decrease in Fp is commonly observed. This is mainly due to  
thermally assisted flux flow (TAFF) [64], flux-shearing process of the flux line lattice 
(FLL) [65], and peak effects[66][57]. 
We also observed the presence of a tail at the end of some curves at high magnetic field 
may be ascribed to one of the causes mentioned above. For the data analysis; we 
extracted the magnetic field value, H* for the maximum pinning force peak (Fp, max) as 
well as the irreversible magnetic field Hirr from the extrapolation of the linear part of the 
pinning force curve to the field axis as shown in Fig. 6.1. Hirr indicates the field at which 
the pinning disappears.  



































Fig. 6.1 The variation of the pinning force, Fp, with the applied magnetic field H for  




 Annealing of the pure samples (MB00, MB26 and MB01) for 4K: 
Error! Reference source not found. displays the variations of the pinning force, Fp vs. 
the applied magnetic field, H in MB00, MB26 and MB01 samples for 4K . It is observed 
that the pinning force, Fp of MB00 sample exhibits the highest pinning force curve and 
irreversible magnetic field in comparison with the annealed two samples. We can 
conclude that the annealing temperature plays a crucial role in degradation of the critical 
current density and the pinning force by producing unwanted contamination according to 
XRD analysis and resistivity measurements. 
 Excess of Mg-during preparation for 4K: 
Error! Reference source not found. also exhibits the Fp vs H measurements for MB27 
and MB24 samples (MgB2+10%Mg) which were annealed at 750oC and 850oC for 4K, 
respectively. The pinning force, Fp and irreversible field Hirr were enhanced by excess of 
10% Mg if compared with Fp for MB26 and MB01samples (pure annealed at750oC and 
850oC). We can attribute the enhancement of Fp and Hirr to improving the pinning centers 
by Mg atoms within the MgB2 phase. 
 
 Effects of CuF2 nanoparticles inclusion 4K:   
Error! Reference source not found. exhibits the Fp vs H measurements for MB28 and 
MB24 samples (MgB2+2%CuF2) for annealing temperatures of 750oC and 850oC for 4K, 
respectively. It is noticeable that the pinning force Fp and irreversible field Hirr of MB28 
and MB24 seem much lower than that for pure MgB2 samples annealed at 750oC and 
850oC (MB26 and MB01). As it is observed the appearance of the second peak effect and 




deviation resulting from increasing H. Therefore, the doping by CuF2 leads no 
improvement of the pinning force of MgB2 sample. 
 Effects of CuF2 and excess of Mg 4K 
As well Error! Reference source not found. represents the pinning force, Fp measured 
for two samples MB8R and MB10 (MgB2+2%CuF2+10%Mg) at annealing temperatures 
of 750oC and 850oC for 4K respectively. It is clearly observed that Fp and Hirr values are 
higher in MB8R followed by MB10. In the other samples doped with 5%CuF2 
(MgB2+5%CuF2+10%Mg) at annealed at 750oC and 850oC for 4K, respectively, Fp and 
Hirr values show lower values indicating 5% CuF2 is too much concentration in doping 
MgB2. As it can be seen that the annealing temperature of 750oC is better in enhancement 
of the pinning force Fp and Hirr . As we can see a tail at the ends of each curve in Error! 
Reference source not found. is attributed to deviations of Fp such as shearing the flux 























 MB00: pure(as is )
 MB26: pure at 750oC
 MB01: pure at 850oC
T= 4K



















 MB27: MgB2+10% Mg at 750
o
C
 MB23: MgB2+10% Mg at 850oC
 MB28: MgB2+ 2% CuF2 at 750oC
























 MB8R:(MgB2+2% CuF2+10% Mg)at 750oC
 MB10:(MgB2+2% CuF2+10% Mg)at 850oC
 MB21:(MgB2+5% CuF2+10% Mg)at 750oC
 MB22:(MgB2+5% CuF2+10% Mg)at 850oC
 
Fig. 6.2 The variations of the pinning force, Fp vs. the applied 





6.2  Scaling of the pinning force, Fp  
The shape similarity of the critical current density and pinning force curves at various 
temperature, suggests that they follow the similar behavior. This geometrical similarity 
suggests that they may follow a certain scaling behavior.  
Several scaling procedures have been proposed since late 1960’s. These are based on two 
scaling parameters on the geometrical similarities in the shapes of Fp vs. H curves at 
different temperatures. Fietz and Webb in 1969 were the first to introduced the scaling of 
Fp vs. H in dilute Nb-based alloys. They used  two parameters Fp,max and HC2,  namely, 
they represented the pinning force curves as Fp,/Fp,max  vs. H/HC2, they found that all 
curves follow universal behavior[67],[68],[69].  
 The scaling behavior provides a useful relation which can be used to study the field and 
temperature dependence of volume pinning force Fp and critical current density Jc. It also 
provides useful information about the pinning mechanism. For example, the pinning force 
curves (with specific type of pinning) versus different temperatures and the magnetic 
field have similar shapes at various temperatures. This suggests using normalization 
procedures on these curves to obtain a universal behavior. The importance of scaling is 
attributed to two things; Firstly, its ability in prediction of the behavior of any property 
such as Fp or Jc. Secondly, extracting information about the type pinning force in the 
superconducting sample.  Various scaling procedures have been developed for the 
pinning force Fp and critical current density Jc. The scaling in various superconductors 
has been achieved by conventional methods, i.e., by representing (Fp/Fp,max) vs (H/Hc2). 




the scaling by the upper critical field Hc2 is used but not always successful for all 
materials. Later on Kramer found that Fp,max is proportional to (Hc2)2 [68] 
Near Tc or at high fields, it has been observed in several superconducting material that  
flux line lattice melting, and thermally activated flux flow and collective flux line motion 
lead to a difficulty in determination of Hc2 and to large deviations from universal 
behavior [70]. Therefore several new scaling parameters  have been introduced for 
example; the irreversible field Hirr, H* and the thermodynamic critical field Hc [71- 
73][2]. However, it should be mentioned that the scaling procedure does not have to 
depend on the geometry of curves or is achieved by two scaling parameters. In a study 
which has been first introduced by Ziq et al. [2] the thermodynamic critical field (Hc) was 
used as a single parameter to scale both the critical current density (Jc) and pinning force 
(Fp). As that Ziq et al.[70] introduced Hc  as one parameter for scaling the pinning force 
Fp and critical current density Jc. They plotted Fp,max vs Hc on a log-log scale for their 
samples and found the slope of the lines is 2 on this log-log plot showing that Fp, max is 
proportional to the( Hc)2. By this scaling they calculated the free energy of the single line 
of vortex. 
Thus, we can try to scale the pinning force first using log-log scale for Fp,max vs.  Hirr, 
H*(field at Fp,max) and Hp (full penetration field) which are shown in        Fig. 6.3 for 
MB00 (as is) sample in temperature range of (4-32)K. It is expected that all procedures 
will generate a set of scalings or universal curves, but the physics behind that is not quite 
clear. In our case we find that  Fp is proportional to (Hirr)1.83, (H*)2.44 and (Hp)2.31. 




not practical, therefore we will use the conventional scaling with two parameters Fp, max 












































We use Hirr extracted from the linear parts of Kramer plots for the critical current density, 
Jc. As we denote to Hirr by the symbol H   
   to distinguish it about Hirr extracted from 
pinning force curve. We prefer H   
    because the linear part it is clear and large with little 
fluctuations then leads to more accurate irreversible magnetic field value.  Fig. 6.4 shows 
that H   
   value is larger than Hirr value and proves that determination of irreversible field 
H   
    from Kramer plot is more accurate. 



















                             Fig. 6.4 Irreverible magnetic fields,      and        extracted from the direct pinning  








After that, we used the following Fietz and Webb relation which they introduced for 
scaling of pinning force Fp of niobium alloys using the following relation  
f∝ h (1 − h)  
 where ( f= F /F ,   ) ,  F ,    is the maximum value of F  and h being the reduced 
magnetic field, where (h = H/H  ) and H   is the upper magnetic field [62]. Then Dew-
Hughes suggested to categorize types of pinning mechanism based on the values of p and 
q [74].  The p and q values define the dominant type of pinning mechanism in the 
superconductor. The pinning mechanism can be (point, surface, or volume) defects and 
(core pinning or magnetic) interactions. Table 6.1 shows Dew-Hughes classification of 
the elementary types of pinning mechanism based on p and q values which can be 
calculated from Fietz and Webb relation [64]. However, there are other pinnings that are 
not classified or mentioned in Dew Hughes category such as vortex-vortex interaction, 
collective motion pinning,  single-vortex, small bundle vortices, large bundle vortices and 
liquid vortices[75]. 
. 






Pinning Type normal volume 
normal ∆κ pinning 
volume surface point volume surface point  
p 0.5 0 0.5 1 1 1.5 2 





 Annealing of the pure samples (MB00, MB26 and MB01) 
Fig. 6.5 shows three fitted groups of scaling for (MB00) sample; the first is for 4K, the 
second is related to (10-25) K and the third is for (30-32) K. The first group(4K) exhibits 
sharp peak at (h*~0.1), second group (10-25) K is localized at (h*~0.22) and the third 
group is shifted to (h*~0.24). These deviations of the h* mean that the pinning 
mechanism changes based on the changing temperature range. h* indicates the type of the 
pinning mechanism and is given by q/(p+q) for example, h* of 0.2 refers to the grain 
boundary pinning  whereas 0.33 refers to the normal point pinning.  The fitted scaling of 
the first group produces the p and q values of 0.22 and 1.45 which are not available 
within Dew Hughes classification but like this scaling may result from the single vortex 
pinning[76]. The second group shows a wider peak with (p=0.62 and q=2.17) which are 
closed to the grain boundary mechanism (p=0.5 and q=2). This mechanism becomes 
dominant and however, it is possible that there is an additional pining mechanism. The 
pinning mechanism of the third group (p=0.80 and q=2.51) may be mixed from grain 





















































Fig. 6.5 Scaling of the pinning force, Fp and the magnetic field, H    
      using Fp,max and     
   parameters respectively in MB00 sample 




Fig. 6.6 shows three fitted groups of scaling for the annealed pure MgB2 sample at 
750oC(MB26); (4-15) K, (20-25) K and (30-32) K respectively.  In the first group(4K) 
exhibits a sharp single peak at (~0.1) and two peaks for (10-15) K at (0.13~0.16), the 
second group (10-25) K peaks are localized at (~0.18) and the third group peaks are 
shifted to (~0.21). Thus, values p and q for the three groups are (p=0.34, 0.46 and 0.64 
and q=1.86,1.77 and 2.11) respectively. The pinning mechanism of the first group is 
controlled  
by the single vortex pinning while the two groups, the grain boundary mechanism is 
dominant as shown for p and q values which are closed to p and q of the grain boundary 
pinning according to Dew Hughes classification. p values which are lesser than 0.5 may 
indicate the presence of contribution from another pinning such as normal points pinning  
while q values which are larger than 2 this means that pinning force suffers a weakness 
where there are channels for threading the flux lines through grain boundary of the 
sample[71]. As we think that the annealing temperature plays a cruitial role in 
























































Fig. 6.6 Scaling of the pinning force, Fp and the magnetic field, H using    
    Fp,max and     
   parameters respectively in MB26 sample for 




 Excess of Mg-during preparation 
Fig. 6.7 show three fitted groups of scaling for (MgB2+ 10%Mg) sample annealed 750oC 
(MB27) ; the first group for (4-15)K where the single vortex pinning mechanism is 
dominant with p=0.24 and q=1.55  whereas the second group for (20-25)K,  p and q 
become 0.58 and 2.2 respectively which in turn  indicate the dominant grain boundary 
pinning mechanism in this group. The third group for (30-32) K represents an additional 
pinning mechanism beside the grain boundary pinning mechanism according to p and q 
values (0.71 and 2.33). It is clearly noticeable the Mg extra enhances the point pinning 















                    



















































Fig. 6.7 Scaling of the pinning force, Fp and the magnetic field, H 
using Fp,max and     
   parameters respectively in MB27 sample for 




  Effects of CuF2 nanoparticles inclusion 
Fig. 6.8 shows three fitted groups of scaling for (MgB2 + 2% CuF2) sample annealed 
750oC (MB28); the first group for (4-10) K and the second group for (15-25) K provide 
(p=0.22 and 0.39) and (q=1.50 and q=1.82) respectively to confirm  the dominance of the 
single vortex pinning mechanism.  The third group for (30-32) K represents the grain 
boundary pinning mechanism for p and q values (0.57 and 2.2). We think that 2% CuF2 
nanoparticles are localized between the grain boundaries, thus the effect of grain 
boundary pinning is reduced while the single vortex pinning is dominant in the first and 











































































Fig. 6.8 Scaling of the pinning force, Fp and the magnetic field, H 
using Fp,max and     
   parameters respectively in MB28 sample for 




 Effects of CuF2 and excess of Mg 
Fig. 6.9 epresents three groups of fitted scaling of MB8R sample 
(MgB2+10%Mg+2%CuF2 at 750oC). They are distributed respectively for single vortex 
pinning (p=0.37 and q=1.93), grain boundary (p=0.56 and q=2.1) and point pinning 
(p=0.82 and q=2.2). As we can see that the peak of h* becomes wider and shifts to a 
larger new value of h*. This change in h* from single vortex pinning to point pinning 







































































Fig. 6.9 Scaling of the pinning force, Fp and the magnetic field, H   
    using Fp,max and     
   parameters respectively in MB8R sample for 




Fig. 6.10 shows three groups of fitted scaling of MB10 sample (MgB2+10%Mg+2%CuF2 
at 850oC). show grain boundary pinning due to (p=0.45 and q=1.8) and (p=0.56 and 
q=1.9) sequentially while the third group almost obeys the point pinning mechanism 
where p=0.81 and q=2.  
 We can conclude that the annealing temperature of 850oC makes a shift of the single 
vortex pinning to the grain boundary pinning where the grain boundaries may be highly 


































Fig. 6.10 Scaling of the pinning force, Fp and the magnetic field, H 
using Fp,max and     
   parameters respectively in MB10 sample for 
temperature ranges,(4-15)K , (20-25)K and (30-32)K. 
  























































Fig. 6.11 exhibits the fit of the scaling MB21 sample prepared from 
(MgB2+10%Mg+5%CuF2 at annealing temperature of 750oC to three groups according to 
p and q values define the kind of the pinning mechanism. The pinning mechanisms in the 
sample include the single vortex pinning, the grain boundary pinning and point pinning. 
Each of them appears as dominant pinning mechanism in a certain range of temperature 
based on p and q values. The first group of pinning mechanism for (4-15) K is for the 
single vortex pinning where p=0.28 and q=1.81. The second group displayed for (20-
25K) range enhances the grain boundary pinning mechanism (p=0.48 and q=2.05) but the 
third group of (30-32K) range indicates to dominance of the point pinning mechanism 
(p=0.71and q=2.22). Of course, in each range, there remains contributions from other 
pinning mechanisms beside the dominant pinning mechanism. Therefore, this causes the 






























































Fig. 6.11 Scaling of the pinning force, Fp and the magnetic field, H 
using Fp,max and     
   parameters respectively in MB8R sample for 




                          
Table 6.2 Values of p and q  which were calculated from fitting F/Fp,max vs H/    
   
Sample T (K) p q Pinning type 
MB00 
MgB2 (as is) 
4 0.28 1.81 Single vortex 
10-25 0.48 2.05 Grain boundary 
30-32 0.71 2.22 Point + Grain boundary 
MB26 
MgB2 (750oC) 
04-15 0.34 1.86 Single vortex 
20-25 0.46 1.77 Grain boundary 
30-32 0.64 2.11 Point + Grain boundary 
MB27 
MgB2 +10% Mg  (750oC) 
 
04-15 0.24 1.55 Single vortex 
20-25 0.58 2.2 Grain boundary 
30-32 0.71 2.33 Point + Grain boundary 
MB28 
MgB2 + 2%CuF2 (750oC) 
 
04-10 0.22 1.5 Single vortex 
15-25 0.39 1.82 Single vortex 
30-32 0.57 2.2 Grain boundary 
MB8R 
MgB2 +2%CuF2 +10%Mg 
(750oC) 
04-15 0.37 1.93 Single vortex 
20-25 0.56 2.1 Grain boundary 




04-15 0.45 1.8 Single vortex 
20-25 0.56 1.9 Grain boundary 




04-15 0.28 1.81 Single vortex 
20-25 0.48 2.05 Grain boundary 






We investigated the effects of CuF2 nano-particle inclusions on various properties of 
MgB2 superconductor. CuF2 nanoparticles inclusion on the MgB2 grains played a dual 
significant role; first; reducing MgO commonly found on the grain boundaries and the 
second improving the grains connectivity.  Both improved properties are highly important 
for practical applications of MgB2.  XRD results revealed significant reduction in MgO 
content in the MgB2 matrix.  Resistivity measurement revealed a very sharper 
superconducting transition and sizable reduction in the normal state resistance in all 
MgB2 samples with various CuF2 concentrations.   The ac-susceptibility measurement 
also confirmed the improvement in the transition temperature and transition with in 
samples prepared under optimal conditions (2% CuF2, annealing at 750C and 10% Mg 
excess).   
The critical current density and the pinning force were estimated using Bean’s model 
from the hysteresis loop. The optimal sample showed the better Jc and Fp among all the 
annealed samples. Scaling of the normalization of the pinning force, f=Fp/ Fp.max and H   
   
has been achieved.  Curves of the pinning force collapsed to be three curves for three 
ranges of low temperature(4-15K), intermediate temperature(20-25K) and temperature 
(30-32K). The Fietz-Webb scaling procedure was used in analyzing the mechanism of 
pinning force. This scaling showed three pinning mechanisms; single vortex pinning, 
grain boundary pinning and normal point pinning in corresponding to low, intermediate 
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